The E3 ubiquitin ligase RNF4 (RING finger protein 4) contains four tandem SIM [SUMO (small ubiquitin-like modifier)-interaction motif] repeats for selective interaction with poly-SUMO-modified proteins, which it targets for degradation. We employed a multi-faceted approach to characterize the structure of the RNF4-SIMs domain and the tetra-SUMO2 chain to elucidate the interaction between them. In solution, the SIM domain was intrinsically disordered and the linkers of the tetra-SUMO2 were highly flexible. Individual SIMs of the RNF4-SIMs domains bind to SUMO2 in the groove between the β2-strand and the α1-helix parallel to the β2-strand. SIM2 and SIM3 bound to SUMO with a high affinity and together constituted the recognition module necessary for SUMO binding. SIM4 alone bound to SUMO with low affinity; however, its contribution to tetra-SUMO2 binding avidity is comparable with that of SIM3 when in the RNF4-SIMs domain. The SAXS data of the tetra-SUMO2-RNF4-SIMs domain complex indicate that it exists as an ordered structure. The HADDOCK model showed that the tandem RNF4-SIMs domain bound antiparallel to the tetra-SUMO2 chain orientation and wrapped around the SUMO protamers in a superhelical turn without imposing steric hindrance on either molecule.
INTRODUCTION
SUMOylation, enzyme-mediated post-translational modification by a SUMO (small ubiquitin-like modifier), is a crucial signalling event that regulates diverse cellular processes [1, 2] . At least four paralogues of SUMO exist in vertebrates. Among these, the mature forms of SUMO2 and SUMO3 are highly conserved and are collectively referred to as SUMO2/3. SUMO2/3 shares approximately 50 % of its sequence identity with SUMO1 and contains a consensus SUMO modification motif, V 10 KTE, in its N-terminal region. The motif allows these paralogues to act as a Ubc9 (ubiquitin carrier protein 9) substrate in the SUMOylation cascade, leading to the formation of polymeric SUMO chains [3] . Thus the SUMOylation machinery can mark target proteins by using three different processes: single SUMO modification, polymeric SUMO chain modification and multiple SUMO modifications at various sites. Each of these modifications can regulate cellular pathways differently by enhancing or blocking downstream interactions. Poly-SUMO chain formation plays a crucial role in chromosome segregation, DNA-damage response and meiosis [4, 5] . Recognition of SUMOylated proteins is mostly mediated through SIMs (SUMO-interaction motifs) present on effectors. SIMs bind to the groove between β2-strands and α1-helices of a SUMO [6] [7] [8] [9] . This interaction can be regulated by post-translational modifications, such as phosphorylation of the SIM [7] and acetylation of the SUMO [10] .
The discovery of STUbLs (SUMO-targeted ubiquitin ligases) directly links the SUMOylation process to ubiquitination pathways. By means of tandem SIMs, STUbLs recognize poly-SUMOylated proteins and target them for Lys 48 -linked polyubiquitylation and degradation through their E3 ubiquitin ligase activities. Only a few STUbLs have been identified thus far, including Slx5-Slx8 (where Slx is synthetic lethal of unknown function) in Saccharomyces cerevisiae, Rfp1 (RING finger protein 1)/Rfp2-Slx8 in Schizosaccharomyces pombe, human RNF111/Arkadia [11] and RING finger 4 (RNF4) in mammalian cells [12] . RNF4 is a dimeric STUbL. Its N-terminal half contains four tandem SIM repeats (SIM1-SIM4), referred to collectively in the present study as the SIMs domain, that recognize polySUMOylated substrates. The RING domain at the C-terminal half acts together with the SIMs domain to facilitate ubiquitination of proteins modified with poly-SUMO chains [12, 13] . Bruderer et al. [14] identified more than 900 putative endogenous polySUMOylated proteins by using the RNF4-SIMs domain as bait. A computational string search identified additional novel SIM clusters in many other proteins [15] . More recently, the human RNF111/Arkadia was identified as a new STUbL, using three adjacent SIMs for specific recognition of poly-SUMO2/3 chains and using Ubc13-Mms2 as a cognate E2 enzyme to promote the Lys 63 -linked ubiquitination of SUMOylated target proteins [11] . RNF4 relies on the SIMs domain for selective binding of poly-SUMO chains over monomer SUMO. For instance, only poly-SUMOylated PML (promyelocytic leukaemia) proteins can be recognized by RNF4 [16] ; however, the structural basis of this recognition is unclear. Recently, Keusekotten et al. [17] showed that the sequence and spacing of the RNF4-SIMs domain regulate the avidity-driven recognition of poly-SUMO chains. They also concluded that the SIM2 and SIM3 regions are necessary and sufficient for binding to a SUMO chain, whereas the SIM4 region is only needed for recognition of longer chains. We provide a structural analysis of the RNF4-SIMs domain and tetra-SUMO chains using a combination of NMR spectroscopy, X-ray crystallography and SAXS. We also report a previously unexplored weak binding between isolated SIM peptides and SUMO, and interpreted it to delineate interactions between these fundamental units. On the basis of these experimental results we built a HADDOCK model of the RNF4-SIMs domain-tetra-SUMO2 complex that provides insights on poly-SUMO recognition.
EXPERIMENTAL Cloning and protein purification
A human RNF4-SIMs domain (residues Glu 32 to Arg 82 ) was subcloned in a custom pET-30a vector with an N-terminal His tag followed by a TEV (tobacco etch virus) protease cutting site ( Figure 1A ). GST fusion proteins for pull-down experiments were prepared by subcloning the respective RNF4-SIMs fragments in a pGEX-4T-1 vector. SIM-knockout mutants were prepared using site-directed mutagenesis by replacing the hydrophobic residues in targeted SIM(s) with alanine as follows: SIM1 mt , I 35 ELV to AEAA; SIM2 mt , I 45 VDLT to AADAT; SIM3 mt , V 56 VVDLT to AAADAT; and SIM4 mt , V 66 VIV to AAAA. Double SIM mutants of SIM13 mt , SIM14 mt , SIM12 mt , SIM23 mt , SIM24 mt and SIM34 mt were also prepared accordingly ( Figure 1B) .
The linear poly-SUMO2 chains, with the N-terminal 11 residues of each constituent SUMO2 deleted ( N11-poly-SUMO2), were generated using a previously described strategy [12] . Briefly, N11-poly-SUMO2 (residues Thr 12 to Gly 93 ) repeats were subcloned in the p3XFLAG-CMV-7.1-2 vector by the stepwise linking of each subunit with a combination of restriction enzymes, including EcoRI, KpnI and XbaI ( Figure 1C ). Thus, unlike previous studies [17] , our construct did not include any cloning artefact residues in the subunit linker because the DNA sequence recognized by KpnI translated as -GlyThr-. Poly-SUMO2 chains from the p3XFLAG-CMV-7.1-2 vector were then transferred to pMAL-c2X using EcoRI and XbaI. Finally, SUMO2 chains were subcloned into pET28a from pMAL-c2X using EcoRI and HindIII as restriction enzymes. Monomeric SUMO1 and SUMO2 were subcloned in pET-15b and were used in the binding study with four individual RNF4 SIM peptides. The commercially synthesized SIM peptides that were used are presented in Figure 1 (A). All proteins were expressed in the Rosetta(DE3) strain of Escherichia coli. Isotope-enriched samples for NMR experiments were prepared using an M9 medium supplemented with 15 NH 4 Cl and/or [ 13 C]glucose. The samples were first purified using affinity chromatography, followed by proteolysis to remove the purification tag. They were finally purified using FPLC.
NMR spectroscopy
All NMR experiments were conducted at 17
• C using either a Bruker Avance 600-or a 500-MHz NMR spectrometer equipped with a 5-mm triple-resonance cryoprobe. Data were acquired and processed using Topspin 2.1 and further analysed using SPARKY (http://www.cgl.ucsf.edu/home/sparky/) or CcpNMR analysis [18] . Protein backbone resonance assignments were achieved using standard triple-resonance experiments, including HNCACB, CBCA(CO)NH, HNCO and HN(CA)CO. 15 Nedited TOCSY-HSQC (heteronuclear single-quantum coherence) acquired with a 60-ms mixing time was used to derive sidechain assignments. The steady-state heteronuclear 1 H-15 N-NOE experiment was conducted in triplicate in an interleaved manner, with and without proton saturation. SIM peptide binding was studied using systematic titration against 0.12 mM [
15 N]SUMO1 or [ 15 N]SUMO2 in 10 mM potassium phosphate (KPi) buffer, pH 7.5. The microscopic dissociation constant of each perturbing amino acid residue in SUMO1/2 was calculated using a non-linear regression module provided by CcpNMR software. Dissociation constants of the residues in the binding groove of SUMO1/2 were averaged and recorded as equilibrium dissociation constants, EC 50 , between SUMO and isolated SIM peptides. CSP (chemical shift perturbation) was calculated using the formula:
where δ H is the perturbation of the proton and δ N is the perturbation in the 15 N chemical shift. The binding specificity of the SUMO2 chain was studied by titrating di-, tri-and tetra-SUMO chains against recombinant [
15 N]RNF4-SIMs domain peptide dissolved in 10 mM KPi, 100 mM NaCl and 2 mM DTT (pH 7.5). The resonance broadening or disappearance of the [
15 N]RNF4-SIMs domain that resulted from the titration was analysed using the peak intensity ratio (I/I o ). The intensity of each resonance at a different titration ratio (I) was compared with its intensity in a free form state (I o ). The averaged intensity ratio of the hydrophobic (core) residues in each SIM was taken as a measure of the relative amount of bound form for each SIM.
Paramagnetic relaxation enhancement
PRE (paramagnetic relaxation enhancement) experiments were conducted at 290 K on a 600-MHz NMR spectrometer. An MTSL [S-(2,2,5,5-tetramethyl-2,5-dihydro-1H-pyrrol-3-yl)methyl methanesulfonothioate] spin label was coupled to the Cys 51 of the SIM3 peptide to determine its binding orientation on SUMO2 following the method described in [7] . Labelled peptide and free MTSL were separated using Superdex Peptide HR10/30 (catalogue number 9648074; Pharmacia Biotech) and the identity of RNF4-SIM3 CMTSL was verified using MS. SIM3 CMTSL peptide was added to a 1:1 molar ratio with [ 15 N]SUMO2 at a final concentration of 0.25 mM in 10 mM KPi buffer (pH 7.5). Ascorbic acid was added to quench the paramagnetic state. 15 N-HSQC spectra were acquired before and after the addition of ascorbic acid to determine the peak intensity ratios at paramagnetic and diamagnetic states (I para /I dia ). For PRE by Mn 2 + , [ 13 C, 15 N]SUMO2 with a His tag at the C-terminus for chelating the paramagnetic Mn 2 + ion, was mixed at 1:1 molar ratio with SIM peptides to a volume of 400 μl at 0.62 mM in 10 mM deuterated Tris buffer (pH 7.5). The 13 C, 15 N-filtered TOCSY spectra of two samples, one containing 0.5 mM Zn 2 + and the other containing 0.5 mM Mn 2 + , were acquired to determine the peak intensity ratios of each residue (I Mn2 + /I Zn2 + ) of SIM in the fingerprint region at a diamagnetic state (I Zn2 + ) and at a paramagnetic state (I Mn2 + ) [19, 20] .
GST pull-down experiment
Purified GST (glutathione transferase; 500 μl of 0.5 mM) that was fused with wild-type or mutant RNF4-SIMs domain ( Figure 1B) was bound to 10 ml of GST-agarose resin and washed thoroughly with a binding buffer (50 mM KPi) and 0.5 M NaCl (pH 8.0). A mixture representing 0.5 mM di-, tri-and tetra-SUMO2 was incubated with 10 ml of RNF4-SIMs domain bounded GSTresin for 1 h at 25 • C. Resins were then washed with 150 ml of 10 mM potassium phosphate and 300 mM NaCl (pH 7.5) buffer to remove excess proteins. Subsequently, 10 μl of resin was taken for SDS/PAGE.
X-ray crystallography
Tetra-SUMO2 was crystallized using the hanging-drop method at 16
• C in 0.1 M Tris/HCl, 0.1 M CHES and 30 % PEG-600 (pH 9.4). Diffraction data were collected using the 0.9 Å Xray at SPring-8, Japan, on beam line BL44XU and processed using an HKL2000 program suite. The tetra-SUMO structure was determined by using the molecular replacement method with a SUMO monomer as a model molecule (PDB code 1WM3) [21, 22] .
SAXS
SAXS data were collected using X-rays generated at 15 keV at the 23A SWAXS beamline at the National Synchrotron Radiation Research Center (NSRRC), Hsinchu, Taiwan [23] . Sample solutions were buffered in 10 mM KPi, 100 mM NaCl and 2 mM TCEP [tris-(2-carboxyethyl)phosphine] (pH 7.5), and loaded into thermostated cells, 45 μl each, for a 2.5-mm X-ray pathlength at 20
• C. The concentration ranges used for each sample are listed in Supplementary Table S1 (http://www.biochemj.org/bj/462/bj4620053add.htm). Solution cells sealed with thin 30-μm quartz (or 8-μm Kapton) windows 4-mm in diameter were slowly rocked within an area of 1.5 mm × 1.5 mm to minimize prolonged spot exposure (approximately 0.5 mm in beam diameter) and reduce radiation effects on the samples. Data were collected using a Pilatus 1M-F area detector. Identical SAXS profiles extracted from the exposures (implying a small radiation effect) were selectively combined for improved data statistics. Sample solution scattering was subtracted by scattering from a corresponding buffer solution collected under identical experimental conditions and scaled to the absolute intensity scales (i.e. scattering cross-section per unit volume of units of cm − 1 ) through the scattering from water (further counter-checked with the scattering from a solution of cytochrome c), following the standard data reduction procedures previously detailed [23] . Data were processed and analysed using the PRIMUS v3.2, GNOM program: SAS DATA analysis and ATSAS online software were provided by EMBL, as described in [24] [25] [26] [27] [28] [29] [30] .
Experimentally guided modelling
We used HADDOCK software, version 2.1 [31] , to interpret the sparse NMR data and build models of individual SIM-SUMO2 complexes. Docking was performed using the highresolution crystal structure of SUMO2 (PDB code 1WM3) and 100 random conformations of the respective SIM peptides as templates. Ambiguous iterative restraints were defined between strongly perturbed and solvent-exposed residues on SUMO2 and six core residues from each SIM, defined as SIM1 (I 36 ELVET), SIM2 (I 46 VDLTC), SIM3 (V 58 VDLTH) or SIM4 (V 67 VIVDE), while treating the entire peptide as fully flexible. The dihedral angle and hydrogen-bond restraints were predicted from chemical shifts of each bound form of SUMO2 [32] . Structural restraints from these runs were implemented in a five-component simulation that included 100 random conformers of the intact RNF4-SIMs domain and four templates of SUMO2 with the intersubunit polypeptide bonds mimicked by unambiguous distance restraints. This approach was selected to provide maximal freedom for the docking of each SUMO2 subunit [33] . These structures were then externally ranked using analysis of the SAXS data acquired on the tetra-SUMO2-RNF4-SIMs domain complex [34] . Finally, the intersubunit linkers were externally rebuilt and the complex structure was refined using HADDOCK.
RESULTS

The RNF4-SIMs domain was intrinsically disordered in solution
The N-terminal region of RNF4 protein spanning residues Glu 32 to Arg 82 contained numerous hydrophobic residues that were mostly congregated in four segments identified as SIM1-SIM4 or collectively as the SIMs domain ( Figure 1A ). Secondary structure predictions made by using various algorithms suggested that the SIMs domain may contain β-strands and α-helices (Supplementary Figure S1 at http://www.biochemj.org/ bj/462/bj4620053add.htm) [15] . Clustered SIMs were also predicted to form a folded β-structure or exist in dynamic balance between a folded, standalone β-sheet and an open less ordered conformation with multiple extended SIMs [15] . The presence of ordered structures affected the interaction of the SIMs domain with poly-SUMOs, thus more detailed structural and functional characterization of the SIMs domain was essential for understanding how poly-SIM-containing proteins interpret the SUMO signal. This prompted us to further probe the conformation and dynamics of the RNF4-SIMs domain in solution by using NMR. The amide resonances in the 15 N-HSQC NMR spectrum of SIMs domain were well-resolved and assigned using standard triple-resonance experiments ( Figure 2A ). The clustering of the amide resonances in the 8.0-8.7 p.p.m. region at the proton dimension is characteristic of an unstructured peptide, suggesting that the SIMs domain exists in a disordered state [35] . We then applied sequence-specific NMR chemical shifts to predict secondary structure propensities [36] . The results indicated that the SIMs domain is largely unstructured with varying small propensities for β-and α-conformation between residues Ile 36 -Val 70 and Glu 72 -Asn 79 respectively ( Figure 2B ). Specifically, the SIM1 region exhibited a 20 % propensity to form β structures, whereas the poly-arginine segment that follows SIM4 exhibited an approximately 20 % propensity to form α structures. The middle SIM2 and SIM3 segments, which were identified as the most critical for poly-SUMO recognition, exhibited little secondary structure propensity [15, 17] .
We then applied SAXS, which is well-suited for identifying and modelling flexibility as an ensemble set of biological macromolecules in solution, to probe the solution conformation of the RNF4-SIMs domain ( Figure 2C , red) [37, 38] . Rambo and Tainer [38, 39] have proposed several criteria as a necessary and sufficient condition of the presence of flexibility that warrants the modelling of SAXS data as an ensemble set: (i) lack of convergence in a Kratky plot; (ii) invalidation of the PorodDebye law; (iii) Flory's inequality, that is, R g >R g RC where R g is the radius of gyration derived from SAXS data and R g RC is related to the number of residues, N, as R g RC = (2.54 + − 0.01)N (0.522 + − 0.01) ; (iv) low particle density; and (v) inability to model data with a single model. An analysis of SAXS data indicated that the RNF4-SIMs domain existed as a disordered peptide. Specifically, (i) the Kratky plot was a hyperbolic shape ( Figure 2D , red) and the Porod-Debye plot ( Figure 2E , red) did not converge to a plateau;
(ii) SAXS data fitted to the Guinier equation predicted a radius of gyration of 25.8 Å for the SIMs domain, which is larger than its theoretical R g RC , calculated to be 20.961 + − 0.167 Å; (iii) the particle density of the RNF4-SIMs domain calculated from SAXS data was 1.108 g·cm − 3 , which is considerably smaller than the canonical density of approximately 1.37 g·cm − 3 for a compact folded protein; and (iv) we could not fit the SAXS data of the RNF4-SIMs domain to a single model.
The dynamics of the SIMs domain were further characterized using NMR relaxation ( Figure 2F ). The uniformly small 1 H-15 N-NOE values, which approached zero for all residues up to the end of SIM4 (Val 70 ), indicated that this region behaved like a random coil and was highly dynamic at the picosecond timescale. The C-terminal residues were apparently less flexible. In particular, residues between Glu 72 -Pro 76 exhibited considerably high NOEs, up to 0.4, and large R2 values, suggesting that this region may exist as an area of ordered structure. This is consistent with the prediction of approximately 20 % helical propensity. The observation of negative values of the N-terminal residues indicated that these residues move with correlation times that are expected for small molecules ( Figure 2F ).
Binding of an individual SIM peptide to SUMO1 and SUMO2
We employed NMR CSP to probe the low-affinity binding of an individual SIM to SUMO that could not be measured using ITC (isothermal titration calorimetry). Because such interactions are known to be weakened by a high-salt concentrations [8] , we used a potassium phosphate buffer without salt to detect this weak binding. A systematic titration was conducted using the stepwise addition of concentrated SIM peptide solution to 15 N-labelled SUMO1 or SUMO2. The change at each step was monitored using the 15 N-HSQC spectrum ( Figure 3A) . A parallel set of experiments was conducted on SUMO1 (Supplementary Figure  S2 at http://www.biochemj.org/bj/462/bj4620053add.htm). The binding equilibrium appeared on the fast-exchange NMR timescale, as characterized by concentration-dependent shifts of specific residues ( Figure 3B ). The average CSP for each SUMO residue was calculated from two titration end point spectra described previously [7] . Figure 3 (C) summarizes the perturbation of SUMO2 residues on binding isolated SIM peptides. The adjoining figure shows the degree of perturbation for each residue as mapped on to the structure of SUMO2 ( Figure 3D ). As expected, the most perturbed residues were located primarily in the β2-strand and α1-helix, which comprised the SIM-binding groove. The adjoining β1-strand was perturbed to a lesser extent. The binding equilibria were analysed using non-linear regression to extract microscopic dissociation constants for each residue on the binding interface. The apparent dissociation constants, EC 50 , of the SIM-SUMO complexes are summarized in Table 1 . SIM2 had the highest affinity with an EC 50 of 0.04 + − 0.01 mM for SUMO2, whereas those for SIM1, SIM3 and SIM4 were lower by factors of 8, 2 and 23 respectively. Consistent with previously reported ITC data [17] , the middle two SIMs, SIM2 and SIM3, were strong contenders for binding with SUMO and both exhibited a significant preference by factors of 4.25 and 1.55 for SUMO2 compared with SUMO1. Because only SUMO2/3 exhibited a genuine SUMO modification consensus sequence, the SUMO chains were mostly composed of SUMO2/3 with the possibility of SUMO1 acting as an end cap to terminate further elongation [3] . The findings explain why the SIM2 and SIM3 regions of the RNF4-SIMs domain are necessary for SUMO chain recognition [12, 17] . The remaining two outer SIM regions were also capable of binding to the SUMO and may have contributed to the binding avidity through the multivalency effect. Between these two regions, SIM1 exhibited a 1.84-fold higher affinity for SUMO2 than SUMO1, whereas SIM4 bound both paralogues with similar affinity.
We attempted to determine NMR solution structures of all four SIM complexes, but, because of weak binding affinities, we failed to observe intermolecular NOE cross-peaks. We then used the experimental-guided modelling approach HADDOCK to interpret our NMR observations, as was performed previously ( Figure 3D ) [31] . SIMs are typically composed of a cluster of hydrophobic residues, I/V/L-X-I/V/L-I/V/L, followed by acidic or polar residues [6] . The most favourable HADDOCK score structures indicated tentative interaction between SUMO2 and the core residues of the respective SIM module, including SIM1 (I 36 ELVET), SIM2 (I 46 VDLTC), SIM3 (V 58 VDLTH) and SIM4 (V 67 VIVDE). All SIM regions of RNF4 contained a short acidic/polar residue patch; therefore, because electrostatic contacts were lacking, these exhibited weak binding affinity for the SUMO. The first three repeats, SIM1-SIM3, also contained an atypical acidic residue in the hydrophobic cluster. An acidic residue in this position can interact with Lys 33 of SUMO2/3 and is known to impart paralogue preference for SUMO2/3 [6, 9] . Thus the RNF4-SIMs domain adorned an optimized sequence to identify central SUMO2/3 subunits of a SUMO chain and was fine-tuned to a weaker affinity to avoid binding to the monomer SUMO.
Binding orientation of an individual SIM peptide to SUMO2
We employed PRE to probe the binding orientation of an individual SIM on SUMO2. Paramagnetic line broadening is proportional to the inverse six power of the distance between nuclear spin and the paramagnetic ion; therefore, it is highly sensitive to distance variations. We conducted the PRE experiments in two ways. First, we attached the spin label, MTSL, at Cys 51 of the SIM3 peptide (SIM3 CMTSL ) and monitored the broadening of SUMO2 amide resonances.
15 N-HSQC spectra at a 1:1 molar ratio of the [
15 N]SUMO2-SIM3 CMTSL complex were acquired before (paramagnetic state) and after the addition of excess ascorbic acid to reduce MTSL in the diamagnetic state. The intensity ratio of each residue in SUMO2 before (I para ) and after (I dia ) the addition of ascorbic acid, I para /I dia , was measured. As shown in Figure 4 (A), the residues that experienced a substantial drop in intensity were located at four regions: Val 22 Mapping of these residues on to the structure of SUMO2 indicated that they were positioned at the N-terminal side of the binding cleft near the spin label at Cys 51 the N-terminus of the β2-strand ( Figure 4B ), which was consistent with the peptide binding parallel to the β2-strand. Labelling MTSL at Cys 51 in SIM2 was not appropriate because it lay too close to the binding site and could have affected the binding of SIM2 to SUMO2.
To further corroborate the study, we prepared a SUMO2 construct containing a His tag at the C-terminus to serve as a metal ion-chelating site. 13 C, 15 N-filtered TOCSY spectra of two samples, each containing the [ 13 C, 15 N]SUMO2-SIM complex at a 1:1 molar ratio, were taken to measure the Mn 2 + -induced perturbation on the SIMs. One of the samples contained a 0.8 molar ratio of diamagnetic Zn 2 + ion and the other contained the paramagnetic Mn 2 + ion. The 13 C, 15 N-filtered TOCSY experiment effectively filtered out all proton signals from the 13 C, 15 N-labelled SUMO2 and allowed for observation of only the unlabelled SIMs in the TOCSY spectra whose 1 H resonances had been previously assigned. Ideally, the paramagnetic Mn 2 + ion would chelate to the C-terminal His tag of SUMO2 that resided near the N-terminus of the β2-strand on one end of the SIM-binding pocket. Amide resonances from residues bound near the N-terminus of the β2-strand would be preferentially broadened with a loss of intensity. Figures 4(C)-4(F) show the sequence variations of the intensity ratio with Mg 2 + or Zn 2 + , I Mn2 + /I Zn2 + of the four SIM/ 13 C, 15 Nlabelled SUMO2 complexes. SIM2, SIM3 and SIM4 indicated strong preferential intensity loss for residues on the N-terminus, suggesting that these three SIMs bound to SUMO2 parallel to the β2-strand. SIM1 lost approximately 95 % of the intensity of all resonances without an orientation preference. Because all three high-affinity SIMs bound to the SUMO2 in parallel orientation and SIM1 was the weakest binder, we concluded that the RNF4-SIMs domain bound to the tetra-SUMO2 in parallel orientation. We attributed the loss of intensity in SIM1 to its highacidic-residue content (six residues), which rendered it a high affinity for chelating the positively charged Mn 2 + ions. Although SIM2 contained six acidic residues, the high affinity of SIM2 for SUMO2 may have prevented SUMO2 from binding to metal ions non-specifically. Viewed together with the MTSL experiment involving the SIM3 peptide, we concluded that the RNF4-SIMs domain bound to the poly-SUMO2 in a parallel orientation.
Avidity of interaction between the SIMs domain and the poly-SUMO2
To investigate preferential interaction with individual SIM regions in the SIMs domain, unlabelled poly-SUMO2 chains of various lengths were titrated against the 15 N-labelled SIMs domain. This resulted in selective resonance disappearance/broadening, characteristics of a slow to intermediate exchange ( Figure 5A ). Furthermore, most resonance disappeared when a 1:1 molar ratio of poly-SUMO2 was added. In comparison, the binding of mono-SUMO-mono-SIM was in the fast exchange limit and a high ( × 20) molar ratio of SUMOs needed to be added for the perturbation to reach a plateau. Thus linking multiple SIMs together in the SIMs domain greatly enhanced its binding to poly-SUMO2 synergistically. Determining the binding affinity was impossible because the correlation between resonance line broadening and the amount of bound form is not simple in the slow-exchange regime.
We analysed the site-specific interaction between specific SIMs in the SIMs domain and the poly-SUMO2 chain by monitoring the resonance line intensity of each residue on the SIMs domain (Supplementary Figure S3 at http://www.biochemj.org/bj/462/bj4620053add.htm). Consistent with SUMO binding directly to the SIMs sites, residues in the SIM sites were affected more than those in the spacer regions under all titration conditions. The average intensity ratios of residues in each SIM were plotted against the titration ratios for monitoring the preferential SUMO2 binding of each SIM in the SIMs domain ( Figure 5B ). In all cases, the decrease in intensity for RNF4-SIMs followed the order SIM2>SIM3>SIM4>>SIM1. Consistent with the binding of individual SIMs to mono-SUMO and with previous findings [12, 15, 17] , SIM2 and SIM3 both exhibited the highest affinity towards poly-SUMO2. Whereas SIM1 was not considerably perturbed at low SUMO2 ratios, the binding affinity of SIM4 was greatly enhanced to that of SIM2/3 when linked together in the RNF4-SIMs domain. A tentative explanation of this effect is discussed below. Notably, tetra-SUMO bound to the SIMs domain at much higher affinity compared with di-or tri-SUMO2. The contribution of SIM1 to binding avidity seems minimal, but SIM4 evidently contributes substantially to the binding avidity.
Effect of mutant SIMs on binding to poly-SUMO2
To further dissect the contribution of individual SIMs in poly-SUMO2 recognition, GST pull-down assays was performed using wild-type and SIM-knockout mutants (SIM mt ) ( Figure 1B) . The ability of a RNF4-SIMs domain mutant to pull down tetra-SUMO can be expressed as the ratio of the intensity of the tetra-SUMO2 band (I tetra-SUMO2 ) and that of the RNF4-SIMs domain mutant band (I SIMs mutant ) in the polyacrylamide gel ( Figure 5C ), R = I tetra-SUMO2 /I SIM mutants . The results are listed below each lane in Figure 5 (C). Wild-type SIMs domain predominantly pulled down tetra-SUMO2 (R = 0.43) from a mixture of di-, tri-and tetra-SUMO2 chains, whereas only a trace amount of tri-SUMO2 and none of di-SUMO2 were visible on gel ( Figure 5C, lane 1) . This once more demonstrated the avidity interaction between SIMs domain and poly-SUMO chain. We then tested the contribution of single SIM by replacing the hydrophobic residues in selective SIMs with alanines ( Figure 5C, lanes 2-5) . The effect of SIM1 mt ( Figure 5C , lane 2) on binding with tetra-SUMO2 was negligible (R = 0.44). Single knockout of SIM2 or SIM3 ( Figure 5C , lane 3 or 4) significantly reduced the intensity of both tri-and tetra-SUMO2 bands with R = 0.21 and 0.26 for SIM2 mt and SIM3 mt respectively. Surprisingly, SIM4 mt ( Figure 5C , lane 5) also caused significant reduction in the intensity of tri-and tetra-SUMO2 band (R = 0.36), although to a lesser extent than that of SIM2 mt or SIM3 mt . This result was congruent with previous experiments and again emphasized the crucial contribution by SIM2 and SIM3 and the peripheral role of SIM1. Consistent with the results observed for the NMR titration experiment SIM4 apparently played a significant role in binding avidity of RNF4-SIMs domain to tetra-SUMO2. To further corroborate the single SIM mutation experiments we also examined the binding of tetra-SUMO2 to RNF4-SIMs domain with double-SIM mutants. In general, double-SIM mutants containing a mutation at SIM1 have tetra-SUMO-binding affinities similar to those of the corresponding single SIM mutants with a wild-type SIM1, indicating that SIM1 does not have much of a role in binding. Significantly, double-SIM mutants containing a combination of SIM2, SIM3 and SIM4, including SIM34 mt (R = 0.10) ( Figure 5C , lane 8), SIM23 mt (R = 0.02) ( Figure 5C , lane 10) and SIM24 mt (R = 0.16) ( Figure 5C , lane 11) all have substantially reduced binding affinity towards tetra-SUMO2. As expected, SIM23 mt cannot bind to any of the poly-SUMO2s. To our surprise, SIM34 mt ( Figure 5C , lane 8) has the second lowest ability to pull down tetra-SUMO2.
The gel pull-down experiments were in general agreement with the NMR results and those of Keusekotten et al. [17] . The major surprise when compared with the results of individual SIMs was the observation of a much enhanced contribution of SIM4 towards poly-SUMO2 binding in RNF4-SIMs domain. In isolation, SIM4 peptide is the weakest binder to SUMO2; however, in the RNF4-SIMs domain the contribution of SIM4 is comparable with those of SIM2 and SIM3. We speculate that the enhancement is due to the inclusion of the poly-arginine patch immediately following the SIM4 site. In our HADDOCK model of the RNF4-SIMs domain-tetra-SUMO2 complex this poly-arginine patch is located in the vicinity of a large acidic surface on SUMO2 (discussed below). The Coulomb interaction between the two charged patches could play a pivotal role in the avidity of RNF4-SIMs domain-poly-SUMO2 interaction.
Structure of tetra-SUMO2 and its complex with the RNF4-SIMs domain
Previous studies have demonstrated that a polypeptide-linked N11-SUMO chain can bind to a RNF4-SIMs domain with similar affinities as a native isopeptide-linked SUMO chain [12, 17] . Because of the ease of preparation of homogeneous samples at a high concentration, we employed NMR and Xray crystallography to assess the tertiary structure of such a polypeptide-linked tetra-SUMO2 chain. The 15 N-HSQC spectrum of tetra-SUMO2 was practically identical with that of SUMO2, except that resonance in tetra-SUMO2 was broader because of its longer correlation time ( Figure 6A ). The lack of CSP from monomer SUMO2 indicated a beads-on-a-string scenario whereby all four SUMO2 subunits in the tetra-SUMO2 chain moved freely with little interaction among themselves. We also solved the crystal structure of the tetra-SUMO2 chain (PDB code 1WM3) (Supplementary Figure S4 and Table S2 at http://www.biochemj.org/bj/462/bj4620053add.htm). Similar to the previously reported crystal structure of the di-SUMO2 [17] , the structure of the individual SUMO2 in the tetra-SUMO2 crystal was indistinguishable from that of the free SUMO2. The subunit linkers could not be observed and no unique or large discernible contacts between the SUMO2 subunits were observed.
At present we are unsuccessful in obtaining crystals of the RNF4-SIMs domain-tetra-SUMO2 complex.
SAXS was employed to characterize the solution conformation of tetra-SUMO2 and its complex with the RNF4-SIMs domain ( Figure 2C ). The SAXS data of the tetra-SUMO2-RNF4-SIMs domain complex (black) presents a parabolic shape in the Kratky plot ( Figure 2D ) and converges to a plateau at the high q 4 value in the Porod plot ( Figure 2E ), indicating that it exists as an ordered structure. The SAXS plots for tetra-SUMO2 (blue) are between the two extremes. Whereas the Kratky plot of tetra-SUMO2 is a parabolic shape, the Porod-Debye plot did not converge to the Porod plateau ( Figure 2E) , suggesting that the tetra-SUMO alone is partially ordered. This is expected because it contains four structured SUMO2 molecules that are linked together in a beads-on-a-string fashion. Using the merged SAXS scattering profile of tetra-SUMO2 for data acquired at two different concentrations, we built linkers in the crystal structure using the ensemble optimization method [28] (Supplementary Figure S4) . The average structure of tetra-SUMO2 thus calculated presented a radius of gyration of 36.7 Å and was similar to that of a probable structure (with distance between individual SUMO2s comparable with that expected for the linker lengths) traced out from the crystal packing.
To further explore the structure of the RNF4-SIMs domaintetra-SUMO2 complex we performed a knowledge-based HADDOCK modelling, as detailed in the Experimental section. This model was based on the free SUMO2 structure, sparse NMR data acquired from the individual peptide-binding experiment, binding orientation as determined by PRE and fitting the experimental SAXS profile with a reliable χ value of 0.92 ( Figures 6B and 6C) . The spacing between tandem SIMs and the orientation of SIM-binding sites on SUMO2 dictated the arrangement of the complex (Figures 6D and 6E) . Several notable features can be discerned from the model. First, in contrast with the previous belief that the spacing of SIM3 and SIM4 is too close to allow interaction with two adjacent SUMOs [17] , we found that, with the proper orientation, both SIM3 and SIM4 can simultaneously bind to two adjacent SUMOs. Secondly, the SUMO2 protomers of the tetra-SUMO were observed to bind the four SIM regions of the RNF4-SIMs domain in a zigzag arrangement, forming a compact superhelical turn. Thirdly, the SIM domain bound antiparallel to the tetra-SUMO2 chain such that SIM4 bound to the first SUMO2 (SUMO2a). Fourthly, the poly-arginine segment immediately following SIM4 was positioned beside a large negatively charged surface on SUMO2a, composed of Glu 13 were conserved among all SUMOs, hence the negatively charged surface feature. Although the precise structure of the polyarginine segment could not be modelled here, the poly-arginine segment was shown to possess substantial order and rigidity, as demonstrated by the secondary structure prediction and NMR relaxation. In this arrangement the arginine residues, particularly Arg 81 and Arg 82 , could readily interact with the negatively charged groups in SUMO2, thereby increasing the binding affinity of SIM4 towards the poly-SUMO ( Figure 5B ). Experiments to test the validity of the HADDOCK model are ongoing in our laboratory.
DISCUSSION
Intrinsic disorder confers flexibility in RNF4-SIMs domain-poly-SUMO interaction
The recognition of ubiquitylated proteins was mediated by conserved modules which includes the UIM (ubiquitin-interacting motif) [40, 41] , UBA (ubiquitin-associated domain) [42, 43] , UEV (ubiquitin E2 variant domain) [44, 45] , NZF (np14 zinc finger domain) [46] and a CUE (coupling of ubiquitin conjugation to endoplasmic reticulum degradation) domain [47] . Each of these motifs can bind to a variety of ubiquitinated proteins resulting in the modulation of diverse biological functions. UIMs consist of 20 residue sequences that typically adopt a single α-helix structure in solution and form a helical bundle in crystals [40, 48] . UIMs also exist in tandem repeats that facilitate binding towards polyubiquiylated proteins. The binding of tandem UIMs resulted in substantial structural changes. For example, the two UIMs of RAP80 (receptor-associated protein 80) merged into a long helix when bound to Lys 63 -linked diubiquitin [49] , whereas in its unbound form the structure is considerably more compact with hydrophobic contacts between the two helices [50] . Thus a tandem UIM is designed to recognize specific polyubiquitinlinked proteins through various lysine residues [51, 52] . In comparison, our extensive analysis of NMR and SAXS data clearly demonstrated that the RNF4-SIMs domain is flexible and disordered with little secondary structure propensity. Numerous proteins have been discovered to be intrinsically disordered, or to possess long stretches of disordered segments [53, 54] . Intrinsic disorder plays a crucial role in many biological functions. Among them, biological regulation is particularly noteworthy because its inclusion increases binding affinity and enhances binding allostery, thereby permitting more precise regulation of biological activity [55, 56] . The results suggested that intrinsic disorder may also play a specialized functional role in the RNF4-SIMs domain-poly-SUMO interaction. The extended conformation and intrinsic disorder exposed all four SIMs and increased the collision radius with poly-SUMO molecules, thus enhancing their interaction. This was particularly beneficial for RNF4 because it functions as a dimer and the flexibility conferred by the SIMs domain facilitates the binding of either chain to the poly-SUMO [12, 13, [57] [58] [59] [60] . The flexibility conferred by disorder also facilitates conformational optimization, leading to the formation of the final tight complex structure. We speculated that flexibility in the SIMs domain also facilitates a 'zippingup' or sliding process during the recognition between clustered SIMs and multiple SUMO moieties before adopting a stable configuration, as proposed by Sun and Hunter [15] . Apart from poly-SUMO interaction, clustered SIMs may target other forms of SUMOylation, such as a protein or protein complex that is monoSUMOylated at multiple sites. The avidity effect from multiple SIM-SUMO contacts may thus provide sufficient affinity and specificity for the formation of SUMOylation-regulated protein complexes, which would be distinct from those involving a singular SIM and secondary SUMO-independent physical contact [15] . In this context, flexibility in the SIMs cluster is essential for recognizing various structures in various combinations of multiple-site SUMOylation. Human RNF111/Arkadia is a new STUbL that uses three adjacent SIMs (VVVI, VEIV and VVDL) for specific recognition of poly-SUMO2/3 chains and Ubc13-Mms2 as a cognate E2 enzyme to promote the non-proteolytic Lys 63 -linked ubiquitylation of SUMOylated target proteins [11] . The spacing between adjacent SIMs in RNF111/Arkadia is considerably longer: 22 and 52 residues between SIM1/2 and SIM 2/3 respectively. In comparison, the spacings between SIM1/2, SIM2/3 and SIM3/4 are 6, 7 and 4 respectively in RNF4. The free RNF111/Arkadia SIMs domain is also likely to be disordered and a similar poly-SUMO binding mechanism is employed.
SUMO paralogue selectivity
Several previous studies have addressed the question of SUMO paralogue selectivity [7, 12, 15, 17] . SIM1, SIM2 and SIM3 indicated a significant binding affinity for SUMO2 over SUMO1, by a factor of 1.85, 4.25 and 1.56 respectively. By contrast, SIM4 indicated no paralogue preference. This is consistent with its likely binding to SUMO1, which could serve as the end cap in a poly-SUMO chain [3] . Viewed together, and assuming that the four SIMs bound to tetra-SUMO synergistically, the RNF4-SIMs domain had a paralogue preference of SUMO2 over SUMO1 by a factor of 11. Thus the RNF4-SIMs domain was tailored to bind to poly-SUMO2 preferentially, similar to that of Arkadia/RNF111 in vivo [11, 61, 62] . However, no paralogue binding preference was observed in the gel pull-down assay in Arkadia/RNF111. This preferential binding is apparently unimportant in the poly-SUMOmediated proteasome degradation in RNF4 because SUMO1 only serves as the end cap and the RNF4-SIMs domain can still bind to poly-SUMO2 tightly enough for efficient ubiquitylation [12] . Although whether poly-SIMs can bind to substrates modified with SUMOs at multiple distinct sites is unclear, we envisioned that in such a case the SUMO paralogue selectivity would be more crucial because SUMO1 is expected to be more equally populated than SUMO2/3.
Spacing between consecutive SIMs does not impose steric hindrance
An approximately 20-amino-acid spacing between two tandem SIMs, such as that from SIM1 to SIM2 in Rfp1, Rfp2 and C5orf25 (chromosome 5 ORF 25), as well as SIM1 to SIM3 and SIM2 to SIM4 in RNF4, may contribute to the optimal recognition of poly-SUMO chains, similar to the tandem UIM for polyubiquitin chains [15, 50, 63] . Two adjacent SUMO units were speculated to form physical contacts with either the SIM1/3 or the SIM2/4 pair in a stable RNF4-poly-SUMO chain complex [15] . To test this, we used NMR to monitor the poly-SUMO2 binding of each SIM in the RNF4-SIMs domain ( Figure 5 ). If the hypothesis is correct, then resonance of residues from SIM1 and SIM3, and that of SIM2 and SIM4, would be affected simultaneously as pairs. Inconsistent with the hypothesis, we determined that binding the RNF4-SIMs domain to di-, tri-and tetra-SUMO2 consistently followed a trend of SIM2 SIM3>SIM4 SIM1, with SIM2-SIM4 forming a group and SIM1 being a considerably weak binder ( Figure 5B) . This observation appears consistent with a model wherein all four SIMs bind to the poly-SUMO2 as a whole.
To further corroborate the observation we performed a knowledge-based HADDOCK modelling of the RNF4-SIMs domain-poly-SUMO2 complex. The model showed that the spacing between tandem SIMs and the orientation of SIMbinding sites on SUMO2 dictated the arrangement of the complex ( Figures 6D and 6E) . Importantly, in agreement with the NMR data we found that both SIM3 and SIM4 can simultaneously bind to two adjacent SUMOs. Thus the linker spacing between adjacent SIMs did not necessarily prohibit the simultaneous binding of four SIMs on to the tetra-SUMO chain. However, this did not indicate that the spacing in the model was optimal for interaction. Moreover, we could not exclude the possible existence of alternative complex structures. In particular, because RNF4 exists as a dimer in vivo and the two N-tails of RNF4 are considerably close in spacing, a poly-SUMO2 chain can conceivably be bound by different SIMs forming two neighbouring chains, as previously proposed [15, 17, 58, 60] . The functional structure of the RNF4-SIMs domain-poly-SUMO complex is likely to be more complex than that shown on the HADDOCK model ( Figure 6D ).
Conclusion
Deciphering their complex structure is a major step forward in unravelling the molecular basis of RNF4-SIMs domain interaction with poly-SUMO. By using NMR, SAXS and X-ray crystallography, we demonstrated that, contrary to bioinformatics predictions, the SIMs domain is largely unstructured. Likewise, linkers between the adjacent SUMO molecules in the poly-SUMO chain are also disordered and the chain behaves similar to 'beads on a string'. The isolated SIM peptides show SUMO-binding affinities in increasing order, as SIM2 SIM3>>SIM1>SIM4, with SIM2-SIM4 exhibit preferential binding in an orientation parallel to the β2-strand. The binding affinity preference was also preserved in the long construct containing all four SIMs in the RNF4-SIMs domain, except that the binding affinity of SIM4 was substantially enhanced to a level comparable with that of SIM2 and SIM3. The results are consistent with the notion that SIM2, SIM3 and SIM4 are necessary and sufficient for interaction with the poly-SUMO chain [12, 15, 17] . Individual SIMs of the RNF4-SIMs domain recognize hydrophobic and polar residues of SUMO2 in the groove between β2-strands and α1-helices parallel to the β2-strands. HADDOCK modelling demonstrated that the spacing between adjacent SIMs did not necessarily prohibit the simultaneous binding of four SIMs on to the tetra-SUMO chain. The RNF4-SIMs domain binds in antiparallel orientation to the poly-SUMO chain, suggesting a potential role of the polyarginine track immediately following the SIM4 sequence. 
